As the most stable iron oxide, hematite ͑␣-Fe 2 O 3 ͒, based on hexagonal close packing of oxygen with iron in 2/3 of the octahedral vacancies, has been extensively used in the production of pigments, catalysts, gas sensors, magnetic recording media, and raw materials for hard and soft magnets, due to its low cost, environmental friendliness, and high resistance to corrosion. 1 It has also been shown to act as a rechargeable conversion electrode material that reacts with 6 Li per formula unit, exhibiting higher capacity ͑the theoretical higher capacity is 1005 mAh/g͒ than the carbonaceous substances ͑e.g., maximum of 372 mAh/g for graphite͒ used currently in commercial lithium-ion batteries. A mechanism for the reduction and oxidation of metal nanoparticles, accompanied by the formation and decomposition of Li 2 O, has been proposed. 2 It has been considered that it is difficult to use iron oxides with large particles as anode materials for lithium-ion batteries due to their irreversible phase transformation during the reaction. [3] [4] [5] [6] The texture of the electrode particles is not only involved in the redox reaction mechanism but is also a major key to several aspects of their global reactivity toward both solid-state reduction and electrolyte decomposition. Because of their excellent properties, considerable efforts have been focused on the properties and synthesis of hematite nanomaterials with controllable size and shape, 7 such as nanocrystals, 8 nanoparticles, 9 nanocubes, 10 nanospindles, 11 nanoflakes, 12 nanorods, 13 nanowires, 14 nanobelts, 15 and nanotubes. 16 Several methods, such as a template method, 17 a sol-gel strategy, 18 gas-solid reaction techniques, 19 and a hydrothermal approach 20, 21 have been developed for the synthesis of hematite nanostructures. Among the methods mentioned above, hydrothermal synthesis has been shown to be advantageous over other methods in homogeneous nucleation and grain growth of hematite nanocrystals. 22 The preparation conditions, such as surfactants, reaction temperature, and reaction time, play an important role in determining the structures and morphologies of the ␣-Fe 2 O 3 nanocrystals prepared under hydrothermal conditions. [23] [24] [25] However, it still remains a challenge to develop simple hydrothermal approaches to synthesize ␣-Fe 2 O 3 nanostructures with tunable size and shape, which will facilitate our understanding of the size-dependent properties of ␣-Fe 2 O 3 .
Herein, we describe an easy route to synthesize ␣-Fe 2 O 3 with different morphologies and particle sizes via a low-temperature hydrothermal method and study their electrochemical properties as anode materials for lithium-ion batteries. Poly͑ethylene glycol͒ ͑PEG͒ with an average molecular weight of 600, was employed as a soft template. PEG is a typical nontoxic, nonimmunogenic, nonantigenic, and protein-resistant polymer reagent with long polymer chains. 26 It plays multiple roles in the synthesis process and acts as a coordinating and linking reactant, as a stabilizer, and as a structure-directing agent. 27 By changing the concentration of the reactants and reaction time, crystalline nanowires evolved from cubes can be obtained. The electrochemical properties of the asprepared ␣-Fe 2 O 3 with different morphology were systematically investigated using cyclic voltammetry, electrochemical impedance, and galvanostatic methods. It was found that the as-prepared nanowires, characterized by one-dimensional ͑1D͒ nanostructures, exhibited superior electrochemical activity with an initial discharge capacity of 1173.6 mAh/g and capacity retention of 63.2% upon the 30th cycle at ambient temperature.
Experimental
Preparation of ␣-Fe 2 O 3 materials.-All of the chemical reagents were analytically pure and used without further purification. ␣-Fe 2 O 3 materials were prepared by a PEG precursor route. In a typical experimental procedure, PEG-600 ͑Aldrich͒ was dissolved in a methanol solution. An aqueous solution of FeCl 3 ͑BDH Laboratory Supplies, England͒ was added dropwise to an equivalent molar PEG-600 methanol solution under continuous stirring at room temperature to obtain a homogeneous solution. The solution was kept at 50°C for 12 h to form crystals, which were collected as precursors. A stoichiometric proportion of the precursors and NaOH ͑4 M͒ were added under stirring to a 15 mL Teflon-lined autoclave, which was filled to one-third by volume. The autoclave was sealed and heated to 160°C in an oven and then maintained at this temperature for a given period. After the reactions, the autoclaves were cooled naturally. The resulting products were separated by centrifugation, washed with ethanol and distilled water to ensure total removal of the inorganic ions, and then dried under vacuum at 80°C for 4 h. In order to make the formation process of the ␣-Fe 2 O 3 materials clear, the detailed preparation conditions of the formed powders are shown in Table I Sample characterizations.-X-ray powder diffraction analysis was conducted on a Philips 1730 X-ray diffractometer ͑XRD͒ using Cu K␣ radiation ͑ = 1.54056 Å͒ with 2 ranging from 20 to 80°at 1°/min to analyze the structure of the expected products. A JEOL JSM 6460A scanning electron microscope ͑SEM͒ was employed to examine the morphology.
A typical slurry was obtained by grinding a mixture of ␣-Fe 2 O 3 , carbon black, and poly͑vinylidene fluoride͒ dissolved in N-methyl-2-pyrrolidinone with a weight ratio of 70:15:15. It was then pasted onto a copper foil ͑1 cm 2 ͒ to form the electrode. After the electrode was dried at 100°C for 4 h under vacuum, it was compressed and then weighed. The electrochemical behavior of the materials was examined via CR2025 coin-type cells with lithium metal as the counter electrode, Celgard 2400 membrane as the separator, and an electrolyte composed of 1 M LiPF 6 in a mixture of ethylene carbonate and dimethyl carbonate ͑1:1 by volume͒. The cells were assembled in an argon-filled glove box ͑Mbraun, Unilab, Germany͒. The charge-discharge measurements were conducted at ambient temperature on a multichannel battery cycler in the voltage range between 0.01 and 3.0 V at a current density of 20 mA/g. Cyclic voltammetry ͑CV͒ and electrochemical impedance measurements were performed using a CHI660 electrochemical workstation ͑CH Instrument Co., USA͒. The scanning rate for CV was 0.1 mV/s. The electrochemical impedance measurements were carried out at the open-circuit voltage before and after the CV experiments by applying an ac voltage of 5 mV over the frequency range from 0.1 to 10 5 Hz. Figure 1 shows the XRD patterns of as-synthesized powders prepared using the hydrothermal method under different conditions. It can be observed that the positions of the characteristic peaks of the products are consistent with the standard values for the hexagonal ␣-Fe 2 O 3 phase ͑JCPDS card no. 33-0664͒, whereas the peak intensity differed from one to the other. The peak intensity of sample 1 is relatively higher than that of the other samples, especially the ͑116͒ peak, indicating its highly crystalline structure. Upon increasing the reaction time to 24 h ͑sample 2͒, the intensity of diffraction peaks decreased, suggesting a smaller crystalline size produced from a dissolution process over the longer time. 28 Upon increasing the concentration of FeCl 3 and PEG-600 and maintaining the time at 24 h, the relative intensity of the peaks for samples 3 and 4 gradually decreases, indicating that their crystalline size had become even smaller. So far as we know, there are few reports about the effects of reactant concentration on the particle size of ␣-Fe 2 O 3 , and we conclude that the particle size of the materials prepared by the hydrothermal reaction decreased with increasing reactant concentration, although the concrete reason for this phenomenon is still unclear.
Results and Discussion
It is possible that amorphous carbon was generated by the pyrolysis of excessive PEG-600 if the ratio of PEG-600 and FeCl 3 in the precursors was raised or the reaction time was maintained for a longer period. 29 Thus, the ratio of reagents and the reaction time must be carefully controlled.
To obtain a better understanding of the formation and shape evolution of ␣-Fe 2 O 3 materials, the products produced under different reaction conditions were collected for SEM investigations. Figure 2 show representative images of the samples. It can be seen that the powders prepared under different conditions display obvious differences in the particle shape and size. First, a reaction time-dependent morphology evolution study was conducted. Figures 2a and b show SEM images of the ␣-Fe 2 O 3 sample obtained after a 12 h reaction at different magnifications, from which it can be seen that the product ͑sample 1͒ mainly contains cuboid platelets with a diameter of about 3-6 m and a thickness of about 700 nm. The marked portion in Fig. 2b , which looks like a nanorod, is actually the side view of a cuboid, resulting from the different observation angle. Prolonging the reaction time to 24 h results in cuboids ͑sample 2͒ with smaller diameter ͑1-2 m͒ and partially dissolved edges compared with Fig. 2b , as marked by the circle in Fig. 2c . Besides the reaction time, it was found that the concentrations of FeCl 3 and PEG-600 significantly affect the shape and size of particles as well. Figure 2d shows a typical SEM image of sample 3, which was obtained by increasing the concentration of FeCl 3 from 1 to 2 M. It can obviously be observed that some nanorods have formed on the sides of the cubes. By further increasing the concentration of FeCl 3 from 2 to 4 M and the concentration of PEG-600 from 0.4 to 2 M, star-shaped nanowire clusters can be obtained. The primary nanowires are about 200 nm in diameter with a length of about 2 m ͑sample 4͒, as shown in Fig. 2e . It seems that the influence of the concentration of reactants on the shape and the size of particles is more important than that of the reaction time. There also seem to be remarkable preferential coalescence directions for oriented aggregation, resulting in the formation of nanowires. Based on the above evidence of morphology evolution, a possible formation process for the nanowires can be proposed: under the hydrothermal conditions, nuclei formed quickly, followed by the growth of the nuclei into cuboid crystals. Afterward, secondary nucleation occurs on the edges and surfaces of these cube-shaped crystals by "dissolution" of the cube from the edges toward the interior along the long axis. The driving force is the high activity of the sharp edges, which are easily attacked by the hydroxyl radicals in the alkaline solution. Then, nanowires are formed by increasing the concentration of precursors via nanorods and semi-nanowires. Here we have to point out that although a formation process for the nanowires has been suggested, the intrinsic cause of the shape transformation from cubes to nanowires is still unclear. However, a clear evolutionary process for the particles is presented here through SEM images. The results we report indicate that a fully controllable synthesis could be achieved by tuning the synthesis parameters, such as reaction time and concentration.
Charge-discharge tests were performed to evaluate the electrochemical properties of the samples with different sizes and shapes. Figure 3 shows the discharge curves of the electrodes made from sample 1 ͑cuboids͒ and sample 4 ͑nanowires͒ during the first and the fifth cycles. In the discharge curve of the first cycle, there is a weak potential slope located at 1.2-1.0 V and an obvious potential plateau at 0.9-0.8 V, corresponding to the respective reaction processes of the electrolyte and ␣-Fe 2 O 3 with lithium. During the fifth cycle, only one discharge slope can be observed, in the range of 1.0-0.9 V, with a decrease of the discharge capacity. Compared with 1074.5 and 609.0 mAh/g for the cuboid electrode, the nanowire electrode exhibits higher discharge capacity, which is 1173.6 and 704.0 mAh/g for the first and fifth cycles, respectively. Moreover, the initial charge-discharge efficiency for the nanowire electrode ͑70.4%͒ is higher than for the cuboid electrode ͑65.3%͒. We believe that the electrochemical performance of the samples is related to the size effect.
The electrochemical performance of the materials with different sizes and shapes was further evaluated by CV, electrochemical impedance, and long-term cycling measurements. Figures 4a and b show the cyclic voltammetries of electrodes made from the asprepared cuboid and nanowire samples, respectively. In the cathodic process of the first cycle, an obvious peak is observed, which is located at about 0.4 V and shifts to higher potential in the subsequent reduction process. It can be attributed to the reduction of Fe 3+ to Fe 0 and irreversible reaction with the electrolyte. Meanwhile, one main peak is recorded at about 1.8 V in the anodic process, corre- 
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ecsdl.org/site/terms_use address. Redistribution subject to ECS license or copyright; see 130.130.37.84 Downloaded on 2013-11-11 to IP sponding to the oxidation of Fe 0 to Fe 3+ . During the subsequent cycles, the cathodic peak shifts to lower potentials and the anodic peak to higher potentials, revealing some irreversibility for the reaction process of Fe 3+ and Fe 0 . Moreover, the gradually decreasing peak intensity indicates that the capacities of these electrodes could gradually decrease as the cycle number increases.
By comparing the CV curves for the first cycle, it was found that the current density for the nanowire electrode is larger than that of the cuboid electrode, revealing higher capacity and faster kinetics for transformation in the electrode. In addition, compared with the dramatically decreasing currents for the cuboid electrode, the shape of the CV curves in the following cycles remains similar to those of the fifth cycle, showing reversible reduction and oxidation of the nanowire electrode. Figure 5 shows typical Nyquist plots obtained before and after the CV experiments for electrodes made of cuboid and nanowire material, respectively. The plots are similar to each other in shape, with a semicircle appearing in the high-frequency domain and a straight line in the low-frequency region. It can be seen that the semicircles for both samples become smaller after CV experiments, probably suggesting an easier reaction process after several CV cycles. The diameter of the semicircle for the nanowire electrode is smaller than that for the electrode made of cuboid particles, regardless of whether cycling occurred before or after the CV experiments, indicating a higher reactivity and lower polarization for the reaction of ␣-Fe 2 O 3 nanowire with Li. It has been reported that the morphology and particle size of the materials have an obvious effect on the reactivity, not only in the initial charge/discharge cycles, but also in the subsequent cycles.
17 Figure 6 compares the cycling behavior of ␣-Fe 2 O 3 cuboid and nanowire electrodes. Both electrodes show large reversible capacities in the first ten cycles, then the capacities gradually decrease, and the capacity fading rate from the 15th to the 30th cycle is much higher than that from the first to the 10th cycle. It is well known that a large surface area is important for the improvement of electrochemical performance, considering the introduction of lithium ions into the holes in the hematite surface. The capacity and affinity will be greatly enhanced when the surface area is high, because the diffusion length of the lithium ions is greatly shortened. Therefore, the materials with smaller size and higher surface area would exhibit higher discharge capacity. 30 In this connection, we found that the nanowire electrode showed higher discharge capacity than the cuboid electrode. The electrode maintained 512.0 mAh/g after 30 cycles, corresponding to 63.2% of the second capacity, while the cuboid particle electrode only showed 51.5% capacity retention. Obviously, the nanowire electrode can maintain good cycling performance, indicating that the 1D nanostructures could lighten the stress caused by volume change during the charge-discharge cycles and suppress the degradation of the electrode. 
